Imbibition of micropatterned surfaces can have broad technological and fundamental implications for areas ranging from biomedical devices and fuel transport to writing with ink. Despite rapidly growing interests aimed at various applications, a fundamental physical understanding of the imbibition dynamics is still in its infancy. Recently, two simple scaling regimes for the dynamics have been established for a textured surface decorated with long pillars whose top and bottom edges are sharp. Here, we study the imbibition dynamics of textured surfaces decorated by short pillars with rounded edges, to find a different scaling regime. Interestingly, this regime originates not from the balance of two effects but from the hybrid balance of three effects. Furthermore, this scaling law can be universal or independent of the details of the texture geometry. We envision that this potentially universal scaling regime might be ubiquitous and will be useful in the handling and transportation of a small amount of liquid.
Imbibition of micropatterned surfaces can have broad technological and fundamental implications for areas ranging from biomedical devices and fuel transport to writing with ink. Despite rapidly growing interests aimed at various applications, a fundamental physical understanding of the imbibition dynamics is still in its infancy. Recently, two simple scaling regimes for the dynamics have been established for a textured surface decorated with long pillars whose top and bottom edges are sharp. Here, we study the imbibition dynamics of textured surfaces decorated by short pillars with rounded edges, to find a different scaling regime. Interestingly, this regime originates not from the balance of two effects but from the hybrid balance of three effects. Furthermore, this scaling law can be universal or independent of the details of the texture geometry. We envision that this potentially universal scaling regime might be ubiquitous and will be useful in the handling and transportation of a small amount of liquid. Micropatterned surfaces have been actively studied for many applications, such as wetting [1] [2] [3] , liquid-drop transportation [4] [5] [6] , and microfluidics applications [7, 8] essential in biology, medicine, and chemistry [9] . Among these various possibilities, interest in the imbibition of textured surfaces [10, 11] has grown rapidly from different viewpoints, from a fundamental understanding of scaling regimes [12] , of writing with ink [13] , and of the penetration of a solid into nanopillar arrays [14] , to practical methods for obtaining bioinspired self-repairing slippery surfaces [15, 16] , controlled and patterned film coating [17] [18] [19] , and paper-based microfluidics that is promising for diagnostic devices for the developing world and in environmental monitoring [20] . Despite these increasing interests, a fundamental physical understanding of the scaling regimes of the imbibition phenomena is very limited, as described below.
The classic example of imbibition is capillary rise [21] . The viscous regime is well described by the Washburn theory. In this regime, the capillary drive is balanced by a viscous drag due to the Poiseuille flow inside a capillary tube. As a result, the imbibition length x scales as the square root of elapsed time t (x ∼ t 1/2 ). This law seems applicable to the imbibition of porous media. However, a detailed physical understanding is lacking. In fact, many other scaling exponents have been found for porous media without any physical interpretations [22] [23] [24] .
Recently, a detailed understanding of the scaling laws for imbibition in porous materials has been obtained by using a textured surface decorated by long pillars with sharp edges (top and bottom edges of pillars are sharp) as a model of porous materials [12] . Two scaling regimes are identified for the imbibition dynamics. Both regimes are governed by the balance between the capillary drive and the viscous drag, which leads to the Washburn dynamics (x ∼ t 1/2 ). Both regimes are distinguished by the nature of viscous drag: one due to the Poiseuille drag on the substrate and the other one due to the drag on the lateral surfaces of pillars. This physical picture was confirmed by the agreement between theory and experimental data for the dynamics [12] , under the assumption that the thickness of the film imbibing the texture is comparable to pillar heights. This assumption is established from a different static viewpoint in Ref. [25] . A theoretical consideration [26] further clarifies that this assumption is valid only when the pillars are long and have sharp edges.
We fabricated textured surfaces decorated by short pillars with rounded edges instead of sharp edges. As a result, we find different scaling laws where the imbibition length x scales as one-third power of elapsed time t (x ∼ t 1/3 ). This striking difference comes from the fact that the film thickness is no longer a constant (or not equal to the pillar height). In fact, the film thins down as imbibition proceeds.
Intriguingly, the imbibition dynamics found here is governed by the hybrid balance of three effects: capillary drive, and viscous and gravitational drags. In addition, this scaling law is independent of the details of the texture: The scaling can be quite universal and might explain many other imbibition phenomena and will be useful in various microfluidic applications, for example, in biomedical devices [20] .
We fabricated a textured surface with micron scale features on a square plate of centimeter size, as shown in Figs. 1(a)-1(c), thanks to a recently proposed method [27] . In this simple method, a laser printer is used to generate a toner pattern. Then, the pattern is thermally transferred to a metal substrate to serve as a mask for etching. We used an etched copper substrate in our experiment. We analyzed the resulting surface by using a microscope VHX-1000 (Keyence) and obtained an average profile as in Fig. 1(d) . We see that the texture is formed as short pillars with rounded edges: The radii of the curvature at the top and bottom edges are rather large and are not well separated from the other texture scales.
Once the end of a textured surface touches the horizontal surface of a liquid bath of silicone oil, the imbibition can be imaged as in Figs. 1(e) and 1(f). The tilt angle θ of the textured surface governs an effective gravity constant G along the direction of penetration:
where g is 9.8 m/s 2 . In order to determine the position x of the imbibing front, we took several images per minutes by a digital camera (Ricoh CX2). After obtaining a binary image as in Fig. 1(f) , we followed the front-line shape with time and calculated the average height at each time by using MATHEMATICA. When liquid starts to imbibe the surface, a meniscus is formed at the bottom of the film just above the bath surface. The imbibition length x is measured from the top of this meniscus.
The results obtained from sample A are shown in Figs. 2(a) and 2(b), where the kinematic viscosities η/ρ and the angles θ are indicated for each series of data. Here, ρ is the density of the oil. The error bars for Figs. 2(a) and 2(b) are smaller than the size of the symbols.
In Figs. 2(a) and 1(b), we see that both viscosity and gravity slow down the dynamics. We thus need a theory where the capillarity is opposed by viscosity and gravity: The three terms in the Navier-Stokes equation should compete.
To develop such a model, we consider the limit where the penetrating film is thin. In such a case the equation for velocity V in the x direction reduces to the lubrication equation [21] where the pressure can be expressed as p = p 0 + γ C by taking into account the Laplace pressure jump at the interface [21] . Here, we have denoted the atmospheric pressure, the surface 020601-2 tension of the liquid, and the curvature of the liquid-air interface as p 0 , γ , and C, respectively.
Since our data suggest that viscosity and gravity are equally important, we compare ρG and ∂p/∂x ( γ C/x) in Eq. (2) to obtain an estimation of the local curvature at the imbibition front:
C ρGx/γ.
In other words, ρG and γ C/x in Eq. (2) are assumed to be of the same order. Thus, we obtain ρG η∇
together with Eq. (3). Both the first and second equations in Eq. (4) result in the same equation,
at the level of scaling law (note that V = dx/dt), with
Here, we have assumed that the Laplacian in Eq. (4) scales as C 2 , i.e.,
The physical meaning of this assumption (justified below) is to set, at the imbibing front, the film thickness |∇| −1 to a characteristic length set by the curvature C −1 . From Eq. (3), this means that the film thickness scales as 1/x, and thus decreases as x increases. To understand this, we recall the role of 
where the characteristic time scale τ is defined as τ = ηa/γ , which is of the order of a few ms or less.
To show a good agreement of this model with experiments, in Fig. 2(c) we collect the five series of data with different viscosities η and different tilt angles θ [shown in Figs. 2(a) and 2(b)] on the same plot with the renormalization of both axes specified by Eq. (8) . As the model predicts, all the data from surface A collapse quite well onto a line with a slope of one-third power. As shown in the same plot, the data from surface B collapse well. The collapsed data from surface B are shifted downwards by a factor of 10 to avoid overlap with the data from surface A [28] .
The error bars in Fig. 2(c) are very small. For example, the data set labeled "B 10 cS 90
• " are shown with error bars in Fig. 2(c) (with a shift to avoid overlap) . The errors in the vertical axis are always smaller than the size of the symbols and those in the horizontal time axis are visible only at very early times (t/τ 10 −4 ). The good agreement between the theory and the experimental data supports our assumptions, i.e., Eqs. (3) and (7). We further justify these assumption by visualizing the film thickness (see Fig. 3 ). For the visualization, we used a commercial solution (TA434ED-0, TASCO) for gas-leak detection. This contains fluorescent molecules that emit green light when excited. We dissolved this chemical into olive oil and used this mixture for the imbibition experiment. We used a UV light source (UV-LED375-03SB, Southwalker) for the excitation and put a filter (SP 4, Fuji Film) in front of the light that cuts green light. We placed a bandpass filter (BPB 55, Fuji Film) that selectively passes green light in front of a digital camera (D700, Nikon).
From the global view given in Fig. 3(b) , in contrast to the assumption made in the previous experiments [12, 17] , we see that the film thickness thins down with height. From the magnified view in Fig. 3(a) , we see that at the bottom the film surface is nearly flat while at the top the surface nearly follows the curvature of the texture: The film thins down and the curvature increases as the height increases, as illustrated in Figs. 3(c) and 3(d) . This is consistent with the physical meanings of the assumption in Eqs. (3) and (7): Near the imbibing front, the curvature of the film surface is consistent to scale as x and the film thickness to scale as the inverse of x.
Quantitative results are shown in Figs. 3(e) and 3(f), where the intensity (horizontal axis) is plotted as a function of height (vertical axis). Figure 3 (e) shows the profile for Fig. 3(b) while Fig. 3(f) shows a profile at an earlier time, or at a smaller imbibition height. These two profiles confirm that the film thickness near the front (but several pillars away from the real front) gets smaller as imbibition proceeds, as the assumption in Eq. (7) suggests.
The image analysis in Figs. 3(e) and 3(f) was done by creating macro codes for IMAGE J. Note that the intensity shown here should be a monotonic increasing function of the film thickness (the brighter, the thicker). However, the intensity may not be simply proportional to the film thickness.
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The role of the pillars is clarified by the visualization [see Figs. 3(c) and 3(d)]: It is (1) to provide curvature for the pressure drop, i.e., the driving force, at the imbibing front and (2) to limit the maximum thickness to the pillar height, allowing the lubrication approximation.
Equations (5) and (6) are independent of pillar height, space, and radius: The theory is independent of the detailed geometry of the substrate or the pillars. In other words, when the pillars are short and have rounded edges, at the propagating front, the radius of curvature C −1 is determined by Eq. (2) as in Eq. (3) because this is the only natural local length scale available in the present case (the film thickness is no longer comparable to pillar height [26] ).
The one-third power law for the imbibition dynamics has been discussed also in a different context of capillary rise into a sharp corner [29] [30] [31] . Such a sharp geometry is rather different from and nearly opposite to the rounded-edge geometry of our pillars. Accordingly, a striking difference appears in the smallest viscous scale: It is identified as the film thickness in our case, while it is as the wall distance along the liquid surface for a sharp corner.
In conclusion, we have shown that the imbibition of the textured surface formed by short pillars with rounded edges advances as x t 1/3 by keeping a hybrid balance of the capillary drive and viscous and gravitational drags. This dynamics is quite different from the recently established dynamics (x t 1/2 ) for surfaces comprising long pillars with sharp edges [12, 17] . Surprisingly, the present one-third power law is universal in the sense that the scaling is independent of the geometry of the pillars forming the texture.
We point out that our scenario for the scaling dynamics is different from the standard one. Recently, a number of simple scaling laws have been found in the dynamics governed by the Navier-Stokes equation [21] : the breakup [32] [33] [34] [35] and coalescence [36] [37] [38] [39] [40] [41] [42] of liquid drops, the dynamics of a thin liquid film [43] [44] [45] [46] , and so forth. Such recently found simple scaling laws most frequently result from the competition between two dominant terms in the equation. However, this should be only the simplest scenario. In fact, we find here a scaling dynamics resulting from a hybrid balance of more than two terms. Although there have been such examples, which include those in different contexts [47] [48] [49] , our clear example of this unusual scenario, confirmed through the good agreement between experiment and theory, encourages us to consider other possibilities of simple dimensional analysis to explain unresolved scaling laws in the field.
